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Effective Cyclic Energy asa Measure
of Seismic Demand

EROL KALKAN and SASHI K. KUNNATH

Department of Civil and Environmental Engineering, University of California,
Davis, California, USA

Sructural damage during strong ground shaking is associated with both the seismic input energy
and the ability of structural components to dissipate energy through viscous damping and inelastic
cyclic response. The correlation of the damage potential of ground motions with seismic energy
demand is an important element in devel oping energy-based design methodologies. This article pro-
poses a new measure of the severity of ground motions by introducing the concept of effective cyclic
energy (ECE) defined as the peak-to-peak energy demand (sum of hysteretic and damping energies)
imposed on a structure over an effective duration that is equivalent to the time between two zero-
crossings of the “ effective vel ocity pulse.” The proposed energy measure, which is dependent on the
characteristics of the ground motion, is shown to be well correlated with peak seismic demand for a
range of system parameters. The development of ECE also provides a basis for defining a non
dimensional response index () to quantify the destructive potential of ground motions. The effec-
tiveness of the new index parameter is validated using an extensive set of near-fault accelerograms
and also compared to other ground motion severity indices. Finally, ECE demand of a MDOF sys-
tem is estimated through modal -energy-decomposition of elastic and inelastic SDOF systems, and
the concept of ECE spectrum is proposed to estimate the modal target energy demands for perfor-
mance evaluation of structures.

Keywords Input Energy; Cyclic Energy; Severity Index; Seismic Demand; Near-Fault Records

1. Introduction

A fundamental precept in performance-based seismic design (PBSD) is to ensure that
structural components have adequate ductility and energy dissipation capacity so that the
expected damage in terms of story drift and/or member deformations can be controlled to
lie within the limits of desired performance states. While the correlation of demand mea-
sures to performance states remains a central issue in PBSD, the estimation of expected
demand in relationship to ground motion characteristics can be viewed as an important
first step in the process.

V arious approaches to seismic design have evolved following the recognition that tra-
ditional force-based procedures are generally unsatisfactory in the context of PBSD.
These include the development of displacement-based design methods and so-called
energy-balance formulations wherein the energy imparted to the structure by the earth-
guake is balanced by providing adequate energy dissipation capacity. Energy-based proce-
dures can aso form the basis of estimating expected seismic demands and thereby
indirectly assess the destructive potential of ground motions. Examples of methodologies,
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which have evolved from considerations of input and dissipated energy include the
procedures proposed by Fajfar [1992], Teran-Gilmore [1998], Decanini and Mollaioli
[2001] and Riddell and Garcia [2001]. While these procedures utilize either absolute or
relative energy measures, they do not account for possible variations of energy formula-
tions selected according to ground motion characteristics.

For ordinary far-fault records, it is now well recognized that structural damage depends
not only on the maximum deformation but also the contribution of low-cycle fatigue effects
[Fajfar and Vidic, 1994; Kunnath and Chai, 2004; Sucuoglu and Erberik, 2004; Teran-
Gilmore and Jirsa, 2005]. On the other hand, most of the damage caused by near-fault
records is a result of instantaneous energy demand associated with intense pulse effects and
few plastic cycles [Kalkan and Kunnath, 20063)]. In this case, low-cycle fatigue effects are
less significant and structural damage is directly related to peak seismic demands.

In addition, typical near-fault records characterized by fling or forward-directivity
contain long period velocity pulses produced either by the integration of apparent acceler-
ation pulses or a succession of high frequency acceleration peaks. Figure 1 displays the
acceleration and vel ocity time-series of representative near-fault ground motions. Notably,
the Rinaldi Receiver Stn. record exhibits a distinguishable accel eration pul se (see the win-
dow), whereas the Sakarya record does not. The difference in the initiation of velocity
pulse has been shown to influence the imparted energy to structural systems [Kalkan and
Kunnath, 2007a]. As such, records having apparent acceleration pulses produce instanta-
neous energy spikes in the early phase of response, which can be appreciably larger than
the energy accumulated at the end. Conversely, for near-fault records characterized by
high-frequency acceleration spikes, input energy tends to accumulate progressively over
time resembling typical cyclic far-fault records. It has been aso shown that severity of
these energy spikes depend upon the ratio of system period to the dominant pulse period
of the ground motion [for details see Kalkan, 2006; Kakan and Kunnath, 2007a)]. Figure 2
compares relative and absolute energies computed for a typical forward directivity and
fling type of motion (both exhibit distinct acceleration pulses) recorded close to the caus-
ative fault with those calculated for an ordinary far-fault motion recorded away from the
source. The difference in the two energy definitions is apparent in case of near fault
records. This dlscrepancy arises from different definitions of kinetic energy (i.e., EK Vs
Ey), used inrelative ( EI ) and absolute (E,) energy computations while damping and strain
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FIGURE 1 Earthquake recordings having apparent acceleration pulse (Ieft), and packed
with random high frequency acceleration spikes (right).
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FIGURE 2 Comparison of absolute and relative energies computed for a SDOF elastic
oscillator excited by (a) near-fault forward directivity, (b) near-fault fling and, (c) far-fault
recordings.

energy (i.e., hysteretic energy) terms remain identical in both formulations. Hence, the dif-
ference can be written as:

, »0 1

Theright-hand side of Eq. 1 has two terms, the former is the kinetic energy due to ground
velocity, whilelater isthe work done by ground acceleration (mtig) on the respective incre-
mental system displacement (du). If we ignore the contribution of mugi, then absolute
energy should be always greater or at least close (depends on the intensity of ground
motion velocity) to its relative counterpart regardless of system oscillation period. How-
ever, the last term (i.e., mugi), which relates the phase difference between ground move-
ment and structural response may significantly increase the energy difference if it has a
positive sign (i.e., in-phase response with respect to ground movement) or diminish the
energy difference if it has a negative sign (out-of-phase response with respect to ground
movement).

This noticeable difference in relative or absolute energies (as demonstrated in Figure 2)
brings additional complexity and uncertainty in selection of appropriate energy measures
to characterize the destructive power of near-fault accelerograms. This article, therefore,
aimsto quantify the intensity and spectral distribution of energy demand, and expressthis
demand as a function of ground motion characteristics and of the earthquake resisting sys-
tem while being independent of the manner in which input energy is defined. Towards this
objective, a comprehensive set of near-fault records were compiled and a systematic evalu-
ation of arange of inelastic SDOF systems was carried out. A careful evaluation of com-
puted seismic demands has led to the development of a new measure of the severity of
ground motions to be referred to as the “ Effective Cyclic Energy” (ECE). The correlation
of ECE to peak displacement demand was verified through inelastic SDOF response
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history analyses considering different force-deformation behavior (hysteretic models) at
constant ductility levels. Based on the conceptual devel opment of ECE, a hon dimensional
ground motion severity index (y;) is proposed. The validity and stability of y4 are sys-
tematically compared with other response indices using a wide range of ground motion
data to account for aleatoric variability in earthquake recordings.

Finally, the ECE demand of a MDOF system is estimated using the proposed modal-
energy-decomposition for elastic and inelastic SDOF systems. The concept of ECE spec-
trum is next introduced to estimate the modal target energy demandsin MDOF systemsto
be directly used in performance evaluation of structures.

2. Near-fault Ground Motion Dataset

Table 1 lists al the records used in the study, and Figure 3 demonstrates the distribution of
their PGA (peak-ground-acceleration) with respect to moment magnitude (M,,,) and closest
fault distance viz., closest distance to the surface projection of the fault [i.e., r;, see Boore
et al., 1997]. These ground motions were recorded from earthquakes having a magnitude
range from 6.0 to 7.6 and at distances varying from 0.0 to 17.0 km to the causative fault. The
records either contain forward-directivity or fling; fling records in Table 1 were processed
by baseline correction only (by fitting high order segmental polynomials) following the
removal of pre-event mean. Such a scheme is used for correction of raw data since conven-
tional filtering techniques may distort or eliminate the true static displacement at the end of
the time-history. Accordingly, the shape of the magjor velocity pulse may change, hence the
true energy content may totally be different. The information on true static offsets was
retrieved from the available GPS measurements. The applied correction scheme guarantees
that the velocity will be zero near the beginning and at the end of the time-series [see Kalkan
and Kunnath, 2006a for details of applied correction scheme]. All of the selected recordings
contain long-period velocity pulses as characteristic of near-fault accelerograms influenced
by fling or forward-directivity (see Figure 2). Near-fault recordings with backward directiv-
ity were not included in the database since they generaly did not exhibit pulse-like charac-
teristics. The compilation of the dataset, was guided by observations reported in previous
studies including Boore [2001]; Chopra and Chintanapakdee [2001]; Mavroeidis and Papa-
georgiou [2003]; Bray and Rodriguez-Marek [2004]; Kalkan and Gtilkan [2004].

3. Relationship between Input Energy and System Response

The feasibility of defining a rational energy-based descriptor that can be related to the
severity of earthquake motions and also to critical system demand parameters requires a
clear understanding of the effects of seismic input energy on building structures. There-
fore, peak displacements of inelastic SDOF systems subjected to an ensembl e of near-fault
records were compared to seismic input energy. Figure 4 presents the energy, velocity and
displacement time history, and the resulting force-deformation response computed for an
inelastic SDOF oscillator subjected to the near-fault records shown in Figure 1. A bilinear
material model with 1% kinematic hardening (see Figure 5a) was used to generate these
results for a system with a period of 1.0 sand a ductility ratio (x) of 4. Damping ratio was
taken as 5% of critical (same as for all SDOF systems used in this study). Since the
records were not scaled, the yield strength of the systems was adjusted to achieve the
desired ductility ratio. In these figures, the energy measure used is the relative input
energy ( E,' ) which isformulated as follows:
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FIGURE 3 Distribution of PGA of records with respect to moment magnitude (left) and
closest fault distance (right).

Eq +Ep +E4 = @

where E'K isthe relative kinetic energy, Ep is the damping energy, E,, is the hysteretic
energy composed of elastic strain energy (Eg) and plastic strain energy (Ep) (i.e.,
irrecoverable hysteretic energy). It is possible to expand Eg. 2 into its respective
components:

%”)2 + [ cdu+ [ f(u)du = - [ milydu = - [ mi,udt ©)

in which misthe mass, c isthe damping coefficient, f(u) isthe restoring force, uistherel-
ative displacement of the SDOF oscillator with respect to the ground, and U is the ground
acceleration. Note that G and i are time-derivatives of u (i.e., du = idt). Hence, Eqg. 3 can
be easily integrated in the time-domain.

Energy is generally represented as the energy equivalent velocity (Veq = JZE,’ /m)
since thisterm is linearly proportional to the ground motion amplitude. For convenience,
Ve IS henceforth referred to as input energy. The responses shown in Figure 4 provide an
opportunity to assess the variation of seismic demand and its correlation to different com-
ponents of input energy.

Owing to the fact that damage to a structural component is directly related to dissi-
pated energy, Figure 4 demonstrates the combined effects of damping and hysteretic
energy (Ey + Ep) separately in addition to the relative input energy ( E, ) and damping
energy (Ep). The plots showing the energy components indicate that the kinetic energy
component vanishes during reversal of system velocity (i.e., u(t) = 0 at the point of zero
crossings in the velocity time-response), and the summation of damping and hysteretic
energy becomes equal to the relative input energy. These timeinstants (i(t) = 0) also refer
to the corner points in the force-deformation hysteresis loops representing the absolute
peak displacements during each cycle. The energy balance equation between these two
peaks in the displacement response can be expressed as
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FIGURE 4 Correlation of SDOF oscillator inelastic response with computed ECE
for near-fault forward directivity record of Rinaldi Rec. Stn. and fling record of Sakarya
(Tdastic = 105, 12 = 40)

where AEj is the incremental energy due to viscous damping, and AE,; includes both the
incremental recoverable strain energy (AEg) and irrecoverable strain energy (AEp). The
peak value of the term on the right-hand side of the Eq. 4 (i.e., AE; ) is hereby defined
as the ECE. The definition of ECE represents the incremental work done during the finite
timeinterval (At = t,—t;) between two zero-crossings of the effective system velocity (i.e.,
u (t,) =0and u (t;) = 0). Asshown in Figure 4, ECE attains its largest magnitude immedi-
ately before the maximum displacement. Similar observations were noted for the all the
impulsive records (i.e., records exhibiting a predominant pulse) considered in the study
[Kalkan, 2006]. It is aso noteworthy that ECE depends not only on the ground mation
characteristics but also on the system attributes (such as period, hysteretic rule, damping,
ductility, etc.). Although Egs. 2 and 3 are derived for relative input energy, ECE (see
Eq. 4) is not affected by the choice of absolute or relative energy since the difference in
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FIGURE 5 Hysteretic models.

the two energy definitions in fact arises from the formulation of the kinetic energy term
(Eg. 1), which vanishesin the ECE formulation.

4, ECE-Based Ground Motion Severity Index

The concept of energy balance has been extensively used to identify reliable relationships
between seismic energy and displacement demands, and consequently develop indices to
effectively capture the destructive potential of earthquake motions. Fgjfar [1992] derived
the following non dimensional parameter based on the reduction of the deformation
capacity due to low-cycle fatigue.

- VEq/m ®)

wD

where E,, represents the dissipated hysteretic energy, mis the mass of the system, w is
the natural frequency, and D is the maximum displacement demand. This index, which
istheratio of two equivalent velocities, has been shown to be dependent on both ground
motion and system attributes but independent of damping [Fajfar and Vidic, 1994]. An
analogous parameter (¢) was later proposed by Teran-Gilmore [1998] whereby the hys-
teretic energy term (Ep) in Eq. 5 was replaced with the absolute input energy term (E;)
asin the following:

VE /m (6)

wD

This parameter is shown to be more stable than ~ [Teran-Gilmore, 1998; Decanini
et al., 2001]. Other response indices correlating the maximum displacement demand to
seismic energy utilizes the ratio of hysteretic energy to total input energy (i.e., absolute
energy) (E./E)) as used in studies by Kuwamura and Galambos [1989], Fajfar and
Vidic [1994], Lawson and Krawinkler [1995], and Decanini and Mollaioli [2001] and
the square root of hysteretic energy S, :\/a proposed by Riddell and Garcia
[2001].

Following a detailed and comprehensive study examining peak response measures
and seismic energy (Figure 4 being a representative set) of SDOF systems, it was
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established that ECE (i.e., AE, 5 is a reliable measure of the critical seismic energy
transferred to a structural system and producing the maximum cyclic deformation in asingle
effective cycle. On the basis of this finding, the hysteretic energy term in Eqg. 5 was
replaced with ECE resulting in an alternative descriptor, denoted by 4 as follows:

J(AE /m
= (AE, max) _ (7)
wD

The stability and accuracy of this new descriptor is investigated for 114 near-fault
recordings. Pertinent information on the ground motion datais listed in Table 1, Table 1
also includes data on the ratio of PGA to PGV (denoted as VV/A) and strong motion dura
tion (Tp) of the recordings. V/A ratio indicates the average duration of the acceleration
pulse provided that the PGV is reached immediately following the dominant acceleration
pulse. This parameter has been shown to correlate well with the damage potential [Sucuoglu
et al., 1998] and peak input energy of recordings [Kakan, 2006]. Strong motion duration
(Tp) is another parameter used commonly to identify the severity of ground motions[e.g.,
Uang and Bertero, 1990; Amiri and Dana, 2005]. It was first defined by Trifunac and
Brady [1975] as the interval between times at which 5 and 95% of the value of the Arias

intensity (1, = (7r/29)‘[(;d U‘gdt, wheret, is the duration of record) is achieved.

Using the ground motion records listed in Table 1, the correlation between peak seis-
mic demand and the proposed energy (ECE) and damage () measures is evaluated and
also compared to other indices. The analyses considered two different hysteretic models at
four different ductility levels (u = 1, 2, 4, and 6). A bilinear non degrading hysteretic
model and a pinched-degrading model were employed in the inelastic SDOF time-history
analyses. The numerical simulations were carried out using an open-source finite element
platform [Opensees, 2006]. The hysteretic models utilized are one of the available uniax-
ial material models called “hysteretic” model. Figure 5 shows the parameters used to
define the model. For the pinched-degrading model, the degradation of material param-
eters is based on a damage function that depends on weighted sum of normalized plastic
energy dissipation (i.e., damage due to energy) and deformation ductility (i.e., damage due
to ductility), while pinching isincluded by defining alower intermediate level of yielding
and corresponding post-yield (pinching) stiffness. The material coefficients given in Fig-
ure 5 were selected to have reasonably moderate pinching and degrading effects. Further
details of the cyclic degrading model used can be found in Spacone et al. [1992].

Figures 6 and 7 summarize the correlation between peak system displacement and
effective cyclic energy (ECE), absolute input energy (E;), peak elastic displacement
(dmax.e)» @nd V/A ratio computed based on two force-deformation models for short (T =
0.5s) and long period (T = 3.0s) systems with a ductility ratio of 6. These plots indicate
that ECE is better correlated to peak system deformation than parameters such as E;, 65 e
or V/A. Both relative and absolute input energy comparisons produced similar results, and
general findings from these two figures are valid also for the period range of 0.1-5.0 sand
ductility ratios of 1, 2, 4, and 6. In contrast to ECE, the poorest correlation was observed
between strong motion duration (Tp) and peak system deformation and therefore not
included in Figures 6 and 7. Thisfinding is not surprising since it is well-know that strong
motion duration is not significant for near-fault records. On the other hand, V/A ratios are
better correlated with peak deformation particularly for long period systems. For short
period systems, its correlation is again poor. The performance of ¢, . to predict maxi-
mum deformation demand is comparable with E, in the case of the bilinear model, while it
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FIGURE 7 Correlation between maximum system displacement and ECE, absolute input
energy (E,), elastic peak displacement (6., ¢), and ratio of PGA to PGV (V/A) computed
for pinched-degrading hysteretic model having constant displacement ductility ratio of 6
at (8 T=0.5sand (b) T=3.0s.

shows larger scatter in the case of the pinched-degrading model. This observation on ¢, ¢
is consistent with previous studies reported by Ramirez et al. [2002], Ruiz-Garcia and
Miranda [2003] and Chopra and Chintanapakdee [2003]. In fact, &4 iS @ cOmmon
response predictor and widely used to estimate target displacement in nonlinear static pro-
cedures (FEMA-356, 440). Yet, as shown, its ability to predict deformation demand is
inadequate as the inelasticity in the system increases. Owing to this fact, the FEMA
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displacement coefficient method [ATC 2005] requires amplification on ¢, ¢ through C1
(maximum displacement ratio) and C2 (adjustment for cyclic degradation) coefficients
based on elastic period (T) and response modification factor (R).

It should be also noted that the peak displacement values of SDOF systems were com-
puted in constant ductility space. For different hysteretic models, to satisfy the constant
ductility ratio, yield strength (f,) was varied for each spectral period. Even for the same
elastic period, bilinear hysteretic and pinched-degrading hysteretic models provide differ-
ent yield strengths, hence the peak displacement demands of the two models differ. In lieu
of constant-ductility space, if the constant-R [R = f,,/f, where f.,, = mSa(T)] space had
been utilized, yield strength of both hysteretic models would then be identical and peak
displacement values obtained from different hysteretic models would be closer to each
other [Gupta and Kunnath, 1998].

It is also noteworthy that the constant slope of the best-fit linein Figures 6 and 7 is
directly related to the non dimensional parameter vy (see Eq. 7). To further evaluate the
accuracy and stability of v, it iscompared in Figures 8 and 9 with other non dimensional
response indices, namely v, ¢, and E,/E, considering two force-deformation models.
Despite some dispersion at small deformations, v generally yields more stable results
than other indices. None of the existing measures of damage potential (i.e., v, ¢, and E./E))
is seen to provide consistent estimates. Therefore, Figures 6-9 collectively indicate that
ECE and its counterpart v are stable and reliable indicators of input energy and damage
potential of ground shaking. Hence, the energy dissipated through inelastic deformations
in an effective cycle (i.e., through damping and dissipated hysteretic energy) is a critical
parameter that is most closely correlated with the peak system response for near-fault
impulsive ground motions. This suggests the feasibility of determining the maximum seis-
mic demand from the effective cyclic energy.

5. Effective Cyclic Energy Demandsin MDOF Systems

Absolute energy formulation for MDOF systems was initially derived by Uang and
Bertero [1990]. In asimilar manner, it is possible to express the relative energy imparted
to aMDOF system as:

@
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FIGURE 8 Variahility of various non-dimensional response indices computed for bilinear hys-
teretic modd having constant displacement ductility ratio of 6 at (8) T = 0.5sand (b) T =3.0s.
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%uTmu+jUCdu+_[fS du:—'[mugdu:—'[(imjuguj)dt ®)
=1

Ex +Ep +(Es+Ep) = E| ©)

where m is the diagona mass matrix, ¢ is the damping matrix, and u is the relative story
displacement vector. Accordingly, ny is the lumped mass and 4 is the relative velocity
recorded at the j story, and N is the number of stories. In the above expression, Ei

corresponds to the relative work done due to the sum of inertia forces (mu) at each story
level over the corresponding story displacement u;. Chou and Uang [2003] showed that
the hysteretic energy component of MDOF systems (i.e., Eq + Ep) can be predicted using
equivalent-single-degree-of-freedom (ESDOF) systems derived from the first and second
mode elastic modal properties. Based on this approach, relative input energy time-history
is computed for a MDOF system and compared with the corresponding input energy of
ESDOF systems. The MDOF system studied for this purpose is an existing six-story steel
moment-frame building instrumented by the California Strong Motion Instrumentation
Program. Recorded acceleration time-series at different story levels were initially used in
calibration of the numerical model. Details of the modeling and calibrations can be found
in Kunnath et al. [2004] and Kalkan [2006]. The six-story building has elastic modal peri-
ods of 1.41, 0.51, and 0.30 s and modal participation factors of 2.57, 0.96, and 0.47 for the
first, second, and third mode, respectively. These properties are used to obtain correspond-
ing ESDOF systems parameters through individual pushover analyses conducted using
invariant load vectors. The load vectors correspond to height-wise distribution of inertial
forces expressed as s, = &,.,m (where &, is the elastic n"-mode vector). In order to
approximate the ESDOF parameters through equivalent bi-linearization, spectral conver-
sion of base-shear (i.e., spectral acceleration) is achieved using a procedure similar to
ATC-40 [1996], whereas spectral displacement is computed by dividing the total dissipated
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energy during the monotonic pushover analysis to the corresponding base shear during
each displacement increment. Thereby the ESDOF system is forced to dissipate the same
energy dissipated by the MDOF system at each step of the pushover analysis. In this way,
potentia limitations and drawbacks of using the roof displacement as a deformation index
to convert the MDOF capacity curve to the ESDOF system capacity spectrum for modes
higher than first mode are eliminated. It is instructive to note that proportionality of the
roof displacement to the other story displacements is only limited to the first mode. The
energy-based approach for ESDOF conversion of MDOF system has been recently devel-
oped in Hernandez-Montes et al. [2005] and extended to be used in the adaptive multi-
modal pushover analysis procedure proposed by Kalkan and Kunnath [2006b].

Figure 10a displays the relative input energy time-variation computed through Eqg. 8
for the MDOF system subjected to near-fault forward-directivity record of 1992 Erzincan
(Turkey) Earthquake. This record contains a coherent long period velocity pulse associ-
ated with distinct pulse content in the acceleration time-series. The record is scaled by 2.0
to create significant inelastic demands, hence the peak inter-story drift ratio (IDR = rela-
tive displacement between two consecutive stories normalized by story height) exceeds
3% and significant yielding takes place throughout the structure. Note that first yielding
initiates at the first-story column when the peak IDR reaches 0.8% at that story. Also

1992 Erzincan Earthquake, Turkey
Erzincan Stn. (Record scaled by 2.0)
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shown in Figure 10a are the relative input energy plots computed from the ESDOF sys-
tems for comparison. Relative input energy of each ESDOF system ( EI' (ESD OF)’n) iscalcu-
lated through inelastic time-history analysis and converted to the MuuUrF n-mode input
energy contribution as

’ ’ 2
E (MDOF),n = E (ESDOF),nFn (10)

where I, is the modal participation factor for the n™ mode considered. Figure 10a shows
that the energy input to MDOF system can be estimated by summation of the energies of
the first few modes (generally up to two or three). Thus, the relative input energy to
MDOF system can be approximated as:

Ei(mpor) = 2 EI(ESDOF),nFﬁ' (11
n=13

The right-hand side of the Eq. 10 can be interpreted as a “modal-energy-decomposition”
approach. Figure 10b compares theinput energy computed from the elastic SDOF with the
inelastic SDOF time-history analyses (for modes 1-3) and also the input energy computed
using Eqg. 8 from nonlinear-time-history (NTH) analysis of the MDOF system. Thisfigure
implies that the abrupt intense energy jump, condensed in a short period of time (see win-
dow in Figure 10b) which is a characteristic of near-fault pulse-type records, can be rea-
sonably estimated by elastic analyses. The sum of hysteretic and damping components of
this abrupt energy increase (i.e., ECE) is directly associated with the peak displacement
demand since it is generally dissipated in a single effective cycle. It is aso clear that, fol-
lowing the immediate energy input, the elastic and inelastic energy curves start to deviate
from each other, and the difference between them becomes the accumulated energy dissi-
pated through plastic excursions.

It is possible to express the sum of hysteretic and damping energies as the difference
between input and kinetic energies since the computation of input and kinetic energies for
MDOF systems is more convenient than the computation of hysteretic and damping ener-
gies. If therelative energy is used, the following expression can be utilized to compute the
sum of hysteretic and damping energy terms;

N N
AE, =E.-Ey = -E¢ =j(.Eimjug)ujdt—%.Eimj ()% (12
J= =

Similar to SDOF systems investigated earlier, the ECE (i.e., AE, ,,,,) for MDOF sys-
tem is equal to the peak incremental value of the sum of viscous damping and hysteretic
energies between a peak-to-peak haf cycle (see Figure 4). Figure 11a shows the time-
history of relative input energy and exemplifies the computation of ECE for aMDOF system.
Figure 11b-c shows the interstory drift ratio vs. time variation for selected stories based on
the peak IDR profile presented in Figure 11d. The IDR is selected as a representative
response parameter since it is well-correlated with component deformations at that story
[Kunnath and Kalkan, 2004]. It is useful to note that peak IDR for each story is associated
with the ECE. To be more specific, the ECE is dissipated throughout the structure within a
single effective cycle resulting in the structural peak responses. As aforementioned, thisis
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1992 Erzincan Earthquake, Turkey
Erzincan Stn. (Record scaled by 2.0)
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FIGURE 11 Variation of input energy and interstory drift ratio (IDR) for 6-story build-
ing and peak interstory drift profile. (Note: time instants for story peak IDR are indicated
by vertical lines within the window in Figures 11b—).

typical for structures subjected to impulsive records. Based on the information gained
from Figures 10 and 11 and similar findings for the remaining records in the database, it is
concluded that peak inelastic response parameters for pulse-type near-fault earthquakes
most possibly take place after the first change of state from elastic to inelastic behavior.
Under these conditions, elastic SDOF systems may be potentially used to approximate the
ECE input to the MDOF system (see Figure 10b). Figure 11e compares the ECE computed
based on the elastic and inelastic ESDOF systems with that of the MDOF system. In gen-
erating the ECE, energy contributions of ESDOF systems for the first two modes are
summed since energy contribution of the third mode is significantly lower. As seenin this
figure the ECE input to MDOF system can be best estimated using inelastic ESDOF sys-
tems, yet elastic ESDOF systems can still be utilized for practical purposes since it pro-
vides reasonable predictions of ECE demand without requiring priori knowledge on the
modal ductility demands.

The good correlation obtained between the ECE of MDOF and SDOF systems allows
ECE to be used directly in a spectral format. Figure 12 demonstrates the mean ECE spec-
tra derived for near-fault accelerograms having forward-directivity and fling. It is clear
that the ductility ratio has only a marginal effect on the energy demand while the force-
deformation modeling can have a more significant impact on the spectral shape. The
pinched-degrading model shows tendency to shift the ECE peaks to the lower periods
compared to the stable bilinear hysteretic model (ECE spectraof individual recordslead to
the same conclusion). These plots should again be interpreted in the constant-ductility
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FIGURE 12 Mean ECE equivalent velocity spectra of (a) near-fault forward directivity
and (b) fling recordsin Table 1 computed for two different hysteretic models.

space as aforementioned earlier. ECE spectral shapes are in general similar to acceleration
response spectrain away that they show significant record-to-record variability.

6. Effective Cyclic Energy Demand Estimation

ECE demands of a MDOF system is estimated based on the modal-energy-decomposition
(see Eg. 11) and the elastic ECE spectrum. The six-story building described earlier is used
to illustrate the proposed concept. Two near-fault records are first employed in the non-
linear time-history simulations to obtain the corresponding performance as well as the
ECE of the MDOF system. Figure 13b compares the ECE demand of MDOF system dur-
ing the nonlinear time history analyses with demands computed based on both inelastic
SDOF time history analyses and those computed from the elastic ECE spectra as aso
illustrated in Figure 13a. The results of inelastic SDOF time-response analyses yield the
best estimates since they are more consistent with the modal ductility demands of the
MDOF system. However, it is seen that the elastic ECE spectrum provides reasonable pre-
dictions. This later approach requires generation of elastic ECE spectrum and limited
knowledge on the basic structural characteristics of the MDOF system (i.e., period, damp-
ing and participation factor of first few elastic modes).

The modal ECE demands computed using the ECE spectrum (i.e., vertical linesin the
ECE plots shown in Figure 13a correspond to T, and T,) are aso in good agreement with
the peak interstory drift profiles shown in Figure 13c. Results of NTH analyses show that
higher mode contributions (i.e., amplified deformations at upper or intermediate stories) to
the response are significant in case of TCUO068 record, whereas the Parachute Test Site
record triggers a primarily first mode response and imposes the largest interstory drift
exceeding 4.0% at the first story level. Correlation of the MDOF responses with the ECE
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FIGURE 13 ECE demand estimates in MDOF system.

spectrum indicates that the Parachute Test Site record has a significantly larger modal
energy demand in the ECE spectrum close to the first mode period of the building than at
the higher modes. For the TCUO68 record, the ECE spectrum points the likelihood of
higher mode participation by providing relatively less energy difference between the first
two modes. Moreover, it is evident that the ECE spectra of the records confirm the infor-
mation gained from the inelastic response of the buildings suggesting the potential of the
proposed ECE spectra to distinguish seismic damage potential of ground motion records.
As demonstrated for two cases in Figure 13, it seems possible to estimate the ECE
demand of MDOF system using elastic ECE spectrum through modal energy decomposi-
tion. Further validation of this approach is performed using 30 pulse-type near-fault
records and inelastic MDOF time-history analyses. Table 2 lists these records while their
details can be found in Table 1. Figure 14 plots the height-wise statistical distribution of
primary response parameters including IDR, roof drift ratio (maximum roof displacement
normalized by total height of the building), and member plastic end rotations for the six-
story building excited by 30 records. In addition to mean (50 percentile) demands, the 16
and 84 percentile demands are also marked. Each response parameter shows considerable
record-to-record variation. In general, significant yielding concentrates at the first story
level, while some records impose enhanced displacement demands at the upper levels by
triggering higher mode effects. Peak value of mean IDR is close to 2% at the first story
level. As mentioned earlier, for this structure yielding at the first story level starts as early
as 0.8% IDR. At the end of each NTH run, the ECE demand of the MDOF system was
computed by utilizing Eq. 12. Estimates of these demands are then computed using the
elastic ECE spectrum based on the modal decomposition given by Eq. 11 and considering
thefirst three elastic modal properties (i.e., T,,, I',)) of the building. Figure 15a presents the
comparison of computed and estimated ECE demands. The data is closely scattered
around the diagonal reference line (not the best-fit line) indicating the reliability of the
procedure. Some dispersion in the estimates is observed at higher energy levels, which
could be possibly reduced if inelastic ECE spectrawere utilized. Figure 15b,c provides an
example of correlating MDOF system performance with ECE demand. In this figure, the
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TABLE 2 Selected 30 near-fault recordings for ECE estimation through modal-energy

decomposition

No. Y ear Earthquake Station
1 1984 Morgan Hill Anderson Dam
2 1979 Imperial-Valley Brawley Airport
3 1979 Imperia-Valley El Centro Array #3
4 1979 Imperial-Valley El Centro Diff. Array
5 1979 Imperial-Valley El Centro Imp. Co. Cent.
6 1979 Imperia-Valley Holtville Post Office
7 1999 Kocadli Duzce
8 1989 Loma Prieta Gilroy STA #2
9 1989 Loma Prieta Gilroy STA #3
10 1994 Northridge Rinaldi Rec. Stn.
11 1994 Northridge Slymar Converter Sta East
12 1992 Cape Mendocino Petrolia, General Store
13 1979 Imperial-Valley El Centro Array #7
14 1994 Northridge Jensen Filt. Plant
15 1984 Morgan Hill Coyote Lake Dam
16 1994 Northridge Newhall LA Fire Stn.
17 1994 Northridge Sylmar Olive View Hospital
18 1994 Northridge Newhall Pico Canyon
19 1987 Superstition Hills Parachute Test Site
20 1992 Erzincan Erzincan
21 1989 LomaPrieta Corralitos
22 1999 Chi-Chi TCUO052
23 1999 Chi-Chi TCU068
24 1999 Kocagli Yarimca
25 1999 Kocagli Yarimca
26 1999 Chi-Chi TCUO067
27 2004 Parkfield Cholame 1E
28 2004 Parkfield Cholame 5W (Sta5)
29 2004 Parkfield Fault Zone 1
30 2004 Parkfield Gold Hill 1 W
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FIGURE 14 Height-wise statistical variation of NTH analyses' results of six-story build-
ing excited by 30 near-fault records.
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peak value of cumulative IDR, is plotted against ECE computed by MDOF formulation
and then the same response parameter is plotted against ECE estimates via modal energy
decomposition (Figure 15c). Cumulative IDR (independent sum of peak IDR of each
story) is selected herein as a representative single-valued performance parameter, since it
potentially provides insight into the level of average distributed deformation through the
height of the structure. Although the peak IDR of each story does not necessarily takes
place at the same time instant, we have shown previously in Figure 11 and also in another
study [Kakan and Kunnath, 2007b] that peak response values are well-synchronized with
the arrival of dominant pulse contained in the ground motion which also corresponds to
the time period in which the ECE is computed. Data in Figures 15b and 15c is best
correlated by a power function, which yields a high correlation coefficient (i.e., \/? )
exceeding 0.98. The other response parameters such as peak roof drift ratio and peak IDR
when plotted against ECE provided virtualy identical results and therefore are not
included here.

As indicated in Figures 6 and 7, increase in the ECE of a SDOF oscillator results in
linearly amplified displacement demand. However, this relation is found to be parabolic
for the MDOF system when the cumulative IDR is considered as a response parameter.
The most important observation is that the equations as shown in Figures 15b and 15c¢ that
relate a particular response parameter to actual and predicted ECE are almost identical.
Initiating such arelation between ECE and other response parameters provides invaluable
opportunities. As such, the backbone curve plotted in Figure 15b,c can be considered as
energy-capacity diagram (analogous to classical capacity curve) which potentially indi-
cateslevel of drift demands created in the structure by the records having varying intensity
level. Once such an equation is computed for a specific structure, it can be effectively used
for direct performance evaluation without performing NTH analysis instead using ECE
spectrum of a pulse-type record and modal energy decomposition. The implementation of
this new approach in performance-based design and assessment is currently underway.

7. Conclusions

It iswell known that the ability of structural components to dissipate energy through vis-
cous and hysteretic damping is a primary factor contributing to structural damage during
earthquakes. For far-fault records, this damage is a direct consequence of the number and
amplitude of plastic deformation cycles. Hence, in quantifying the damage potential of



Downloaded By: [Kalkan, Erol] At: 17:51 15 August 2007

Effective Cyclic Energy as a Measure of Seismic Demand 749

ground motions, it is important to include the cyclic effects over the duration of strong
ground shaking. In contrast, near-fault ground motions often have an impulsive feature
and impose sudden and intense energy input that should be dissipated within a short
period of time. This causes amplified deformation demands in structures and is associated
with very few cycles of plastic deformation and, therefore, earthquake damage is related
to the maximum deformation or maximum ductility. While most of the previous studieson
energy demand have focused on far-fault records (or a collection of records in which ground
motion characteristics were not explicitly considered), the present research is concerned pri-
marily with near fault records. It is demonstrated that peak deformation iswell correlated to
effective cyclic energy (ECE), and a relationship between ECE and maximum deformation
is proposed through a severity index (v). This non dimensiona index can be used to
include displacement parameters in seismic design procedures based on energy concepts,
and also to assess the damage potential of ground motions. Since ECE isinfluenced by sys-
tem response, the development of ECE spectrais shown to be more appropriate than conven-
tional acceleration spectra to assess deformation demands in structures.

Finally, a procedure utilizing the modal-energy-decomposition through elastic ECE
spectrum is presented to estimate the ECE demand of MDOF systems whereby “modal-
target-energy” demands are computed to be used directly in performance evaluations
without performing NTH analysis. The proposed procedure is validated for an instru-
mented moment frame building for alarge set of forward directivity and fling records, and
satisfactory energy estimates are obtained. ECE is also shown to be a stable parameter and
well correlated with computed structural response parameters such as peak values of
cumulative IDR, IDR, and peak roof displacement even at high inelasticity levels. These
findings suggest that ECE can potentially be used as a single descriptor to quantify the
local and overall displacement demand parameters once the interrelation between them
and ECE is constructed (a sample formulation was presented in Figure 15c).

The features of ECE presented in this paper indicate that it can be a valuable tool in
developing energy-based guidelines for performance assessment of building structures
when near-fault ground motions effects on structures are a primary concern.
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